A rterial tortuosity syndrome (ATS; MIM 208 050) is a rare connective tissue disorder characterised by generalised tortuosity, elongation, stenosis, and aneurysms of the major arteries. [1] [2] [3] [4] [5] [6] [7] [8] [9] Skin and joint abnormalities, including hyperextensibility or hyperlaxity of the skin, joint laxity or contractures, and inguinal hernias, reminiscent of other connective tissue diseases, can also be observed. Other phenotypic abnormalities include micrognathia, elongated face, high palate, beaked nose, sliding hernia, and ventricular hypertrophy. Histopathological studies show abnormalities of the elastin network in the large arteries. 2-5 7 The mode of inheritance of ATS is autosomal recessive, but the disease gene has not yet been identified. Recently, the elastin gene and some collagen genes involved in connective tissue disease were excluded as candidate genes in ATS. 10 Until now, a very limited number of ATS patients have been described, and few multiplex families have been published. However, some inbred multiplex families originating from Morocco 9 and Italy 10 have recently been reported. Such families make it possible to localise the ATS gene by positional genetics. This study reports the localisation of the ATS gene by homozygosity mapping in two, and probably three, inbred families.
PATIENTS AND METHODS

Families
The three families, which included 11 ATS patients, originated from Morocco and Italy. All three families are inbred and the parents of all patients are consanguineous (fig 1) . The two Moroccan families (family 1 with six affected individuals (IV-2, IV-3, IV-4, IV-5, IV-9, and IV-10) and family 2 with one affected individual (V-3)) might have a common ancestor as they originate from the same town in north Morocco. The clinical picture in these patients consists of tortuosity of the aorta, and pulmonary, subclavian, and renal arteries, as shown by echocardiography, angiography, and/or CT scan (table 1) . Additional clinical features present in some of these patients were hyperlax skin and joints, and/ or dilation, aneurysms, and stenosis of the pulmonary arteries and ascending aorta. All these clinical manifestations fit the spectrum of ATS, as reviewed by Wessels. 9 The phenotype of one individual (IV-1) in the Moroccan family 1 (fig 1) is unclear because no studies of the major arteries could be performed. The Italian family, originating from south Sicily, has four affected individuals (IV-1, IV-2, IV-4, IV-5). All patients show tortuosity of the major arteries, and two patients (IV-4 and IV-5) also show severe pulmonary artery stenosis. Variable cutaneous, joint, and facial manifestations were observed in all patients (table 1) . Occasionally, gastric and inguinal hernias, intestine elongation, and keratoconus were present.
The parents and brother of the ATS patients were clinically normal. The clinical features of the different patients of all three families are described in detail elsewhere. 9 10 Venous blood was taken for genetic studies from all 11 affected individuals, their parents, and healthy siblings. Informed consent was obtained in each instance from the subject and/or a legal guardian.
DNA analysis and pooling strategy Genomic DNA was extracted from peripheral blood leukocytes by a standard technique.
A genome search was performed in family 1. To increase the speed of the total genome screen, the DNA samples of the six affected individuals of this Moroccan family were pooled. As it is critical that the pool contains equal quantities of DNA from each individual, DNA quantification was measured by ultraviolet light spectroscopy, followed by quantification on 1% agarose gels with a lambda quantification standard. Each individual sample was diluted to 50 ng/ml stock solution to avoid viscous solutions. Finally, a control PCR was performed on each sample to make sure that they all yielded the same amount of amplified product. Equimolar amounts of each sample were then combined, and the sample pool was assessed empirically by comparing alleles for several polymorphisms between pooled and individual samples (data not shown). 
Homozygosity mapping
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of 10 centimorgans (cM) was analysed on a capillary sequencer (ABI3100; Applied Biosystems). A pooled DNA sample, containing equimolar amounts of six affected individuals of family 1, was analysed. The data were processed using Genescan and Genemapper software (Applied Biosystems). After the finding of suggestive lod scores in family 1, the DNA of all individuals of the three families was further analysed with microsatellite markers from the Généthon genetic map. Markers were investigated on an ABI3100 capillary sequencer, and alleles were numbered according to length, with the shortest allele being assigned number 1. Haplotypes were constructed, assuming the minimal number of recombinations, by tracing segregation of alleles in the families using the published marker order (fig 1) .
MLINK was used to calculate two-point lod scores between the ATS locus and the markers. The analysis was performed under the assumption of autosomal recessive inheritance of the phenotype with complete penetrance. Individual IV:1 of pedigree 1 was considered to have an unknown phenotype in the linkage analysis. The influence on the lod score is therefore 0, but the inclusion of this sample was helpful in the reconstruction of the haplotypes. Equal allele frequencies were used in the linkage calculations. Although the use of incorrect allele frequencies may lead to false positive evidence of linkage under certain conditions, the power to detect true linkage remained unaffected. The frequency of the ATS was set at 0.00001. LINKMAP was used to perform multipoint linkage analysis using the marker order: centromere -D20S836-1.9 cM-D20S891-7.6 cM-D20S109-telomere.
Mutation screening of the beta GlcNAc beta 1, 4-galactosyltransferase 5 Gene (B4GALT5) PCR products for each of the nine exons of the B4GALT5 gene were obtained for an affected individual of each of the three families (family1, IV-9; family2, V-3; family3, IV-4). Mutation screening was performed by direct sequencing of the PCR products using dye terminator chemistry (Applied Biosystems).
RESULTS
Genomewide scan
To map the ATS gene, a genomewide scan was performed by homozygosity mapping using pooled DNA from six affected individuals of family 1 (fig 1) . Homozygosity mapping of autosomal recessive conditions in inbred families is based upon the fact that affected subjects will be homozygous for polymorphic markers in and around the disease locus due to inbreeding. In our genome scan, 400 polymorphic microsatellite markers, equally spread over the genome, were analysed. In the pool of six patients from family 1 this yielded 10 different markers with a single allele flanked at both sides by a marker with, at most, two different alleles. Subsequently, these 10 markers were typed for each individual member from family 1. This revealed a two-point lod score of 4.11 at h = 0 for marker D20S178 located in chromosome 20q13, whereas the other nine markers revealed lod scores lower than 1.5. Further analysis of the chromosome 20q13 region was performed in all three ATS families using additional markers (fig 2) originating from the Figure 2 Linkage map of the markers used in the analysis. The genetic distances between the markers were deduced from the Généthon linkage map 16 , and are indicated in cM. The candidate region for ATS syndrome is indicated in bold.
Généthon genetic map. This yielded a combined maximum lod score of 7.99 at h = 0 for D20S891 (table 2) .
Lod scores calculated for the three families separately yielded a maximum of 4.11, 0.75, and 3.13 at h = 0 for marker D20S891 for the Moroccan family 1, the Moroccan family 2 (the two possibly related families), and the Italian family, respectively (table 2). This suggests that the ATS gene in both the large Moroccan family 1 and the Italian family maps to this region on chromosome 20q13. The positive lod scores in the Moroccan family 2 with a single ATS patient is also compatible with linkage to the same region.
Normal haplotypes, as identified in carrier parents, were different from those segregating with the disease. The unaffected subjects were heterozygous or homozygous for the normal haplotypes. The individual with the unknown phenotype (individual IV-1 in Moroccan family 1) was homozygous for the disease haplotype, and might be affected. Multipoint linkage calculations between the ATS locus and markers D20S836, D20S891, and D20S109 revealed a maximum lod score of 7.99 at marker D20S891 (fig 3) .
Haplotypes were constructed, revealing key recombinants between marker D20S836 and the ATS gene at the proximal side (Moroccan family 1 and Italian family), and between marker D20S109 and the ATS gene at the telomere side (Italian family) of the chromosome (fig 1) . These recombinational events localise the gene for ATS between D20S836 and D20S109 in a genetic interval of 9.5 cM on the Généthon map (fig 2) . On the draft sequence of the human genome in the National Center for Biotechnology Information (NCBI) database, this linkage interval corresponds to a physical candidate region of approximately 4.1 Mb.
Candidate gene study in region of interest A computer search in the human genome resources of NCBI, ENSEMBL, and UCSC revealed over 30 positional candidate genes within the linkage interval between markers D20S836 and D20S109 on chromosome 20q. One of these, B4GALT5 (EC 2.4.1.22), encodes for beta 4 galactosyl transferase, one of the galactosyl transferases involved in the biosynthesis of glycosaminoglycans. 11 This group of enzymes catalyses the transfer of galactose to galactose beta-1, 4-N-acetylglucosamine, during the formation of different glycoconjugates and saccharide structures. Mutations in another member of the galactosyl transferase gene family, B4GALT7 (EC 2.4.1.133), have been identified in patients with a progeroid variant of Ehlers-Danlos syndrome (EDS). [12] [13] [14] As progeroid EDS disease shares some of the features of ATS, the B4GALT5 gene was considered a good candidate gene for ATS. Direct sequencing of the nine exons of B4GALT5 from an affected individual of each of the three ATS families showed no sequence alterations in the coding region. A substitution in intron 3 (IVS3-16 CRT) was identified in the two Moroccan families, and segregated completely with ATS in both. However, this mutation is an uncommon polymorphism in the Moroccan population (frequency of the T allele is 0.07). Other positional candidate genes are PRKCBP1, NCOA3, PREX, ARFGEF2, CSE1L, STAU, ARPC3B, DDX27, KCNB1, and PTGIS, among others. However, none of these genes is an obvious functional candidate for ATS.
DISCUSSION
In this study we describe the mapping of the gene for arterial tortuosity syndrome (ATS) to a small region on chromosome 20q13. Initially, a genomewide scan was performed on a DNA sample pooled from six affected individuals from a large consanguineous Moroccan family. A single region on the long arm of chromosome 20 was shared by all patients. The homozygosity mapping was confirmed by linkage analysis in three consanguineous ATS kindreds with a total of 11 patients. Multipoint linkage analysis yielded maximum lod scores of 7.99 at marker D20S891 on chromosome 20q13. Analysis of key recombinational events indicated a linkage region of 9.5 cM on the Généthon genetic map (fig 2) , which represents 4.1 Mb on to the physical map of chromosome 20q13.
As only three ATS families were investigated, we cannot exclude genetic heterogeneity. However, as ATS is a rare disorder, but two and possibly three families are linked to the same locus, it could be speculated that there is only a single ATS locus.
Based on the different databases, the candidate region for ATS contains over 30 predicted genes. Although the theoretical search for plausible functional candidate genes for ATS is highly speculative, genes (or homologues of structural genes) involved in the extracellular matrix are possible candidates, particularly those involved in the elastogenesis pathway. All major arteries contain a large amount of elastic fibres consisting of elastin, which together with the fibrillins and microfibril associated proteins are responsible for elasticity. 15 Mutations in FBN1 (Marfan's syndrome), FBN2 (Beal's syndrome), elastin (Williams' syndrome), fibulin 5 (cutis laxa type I) and ABCC6 (PXE) all give rise to abnormalities in the elastic network. However, these disease genes are not located in the linkage interval of ATS on chromosome 20q. B4GALT5, a functional candidate gene for ATS located in the candidate interval, was excluded by mutation analysis in the patients. None of the remaining positional candidate genes has an obvious relationship with the extracellular matrix or the elastogenesis pathway. The mouse syntenic region of human chromosome 20q13 is located on chromosome 2q; however, no extra obvious candidate genes for ATS have been localised to this region.
In conclusion, we have identified a locus for ATS on chromosome 20q13, which is an important step in the identification of the ATS gene. Cloning and completing functional and structural analysis of the ATS gene may provide new insights into the molecular mechanisms of elastogenesis.
